To quantify microstructural abnormalities in the major association pathways of children affected by spina bifida myelomeningocele (SBM) and shunted hydrocephalus using whole-brain diffusion tensor imaging (DTI).
SPINA BIFIDA MYELOMENINGOCELE (SBM) is the most common nonlethal neural tube defect (NTD) in North America, affecting three to five per 10,000 births per year (1) , and is the most common cause of hydrocephalus in children. The primary brain defect is attributable to abnormal neurulation during early fetal development that extends into the second trimester. In addition to the open spinal lesion identifiable at birth, there is usually associated hydrocephalus that requires shunt diversion in approximately 80% of cases (2) . Virtually all children with SBM have a complex set of hindbrain abnormalities, the Chiari II malformation, characterized in part by a small posterior fossa with upward/downward herniation of the cerebellum and caudal displacement of the pons and medulla. Most children with SBM also have corpus callosum (CC) anomalies, often with dysgenesis of one or more structures (3) . Thus, SBM has primary congenital abnormalities involving malformation of the cerebellum/hind-brain/midbrain and CC as well as secondary effects on brain development involving the mechanics of hydrocephalus.
Not surprisingly, neurocognitive and behavioral difficulties are commonly reported in children and adults with SBM (4 -6). However, outcomes vary across cases depending upon the spinal lesion level, abnormalities in regional/global brain volumes, and abnormalities of the cerebellum, CC, and midbrain structures (7) (8) (9) (10) . Although experimental animal models (11) (12) (13) (14) and the in vitro metabolite profile of cerebrospinal fluid (CSF) (15) are suggestive of neuronal and axonal vulnerability in children with SBM and hydrocephalus that may be in part consequences of the mechanical deformation of the brain associated with hydrocephalus, there are only two preliminary reports using advanced noninvasive modalities (16 -18) such as diffusion tensor imaging (DTI) on patients with spina bifida and hydrocephalus (19, 20) . The first report used quantitative DTI methods on several gray matter and white matter regionsof-interest (ROIs) (19) , and the second report adopted a qualitative diffusion tensor fiber tractography approach (20) , both showing abnormalities in small samples.
Diffusion tensor tractography (DTT) complements other ROI-based and voxel-based morphometric DTI methods to visualize and quantify the major white matter pathways of the human brain (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . DTT can also be used to quantify the microstructural characteristics of the individual pathways and provide information about the organization and development of the human brain fiber networks (21) (22) (23) and in several pathologies and neurodevelopmental disorders (24 -27) . It may represent a noninvasive marker of the integrity of white matter that is especially sensitive to the effects of hydrocephalus.
In this study, we used quantitative DTT methods to evaluate the microstructural characteristics of four major association pathways bilaterally in a group of children with SBM and typically-developing healthy children. The association pathways included the arcuate fasciculus (AF), inferior longitudinal fasciculus (ILF), inferior frontooccipital fasciculus (IFOF), and uncinate fasciculus (UF). The first three pathways are long association fibers that connect Wernicke and Broca's areas (AF), occipital and temporal lobes (ILF), and frontal and occipital lobes (IFOF). The fourth is a short pathway that connects inferior frontal and anterior temporal lobes (UF). These pathways were selected because they play important roles in neurocognitive/behavioral functions (speech and language, visuospatial skills, attention, and verbal and visual memory) (28) that represent varying sources of difficulty for children with SBM (4 -6).
We hypothesized that fractional anisotropy (FA), a measure of microstructural organization (16 -18) , would be affected and the axial/transverse diffusivities would be altered relative to controls. In addition, we hypothesized that the relation of age and the diffusion metrics would be different in children with SBM and hydrocephalus vs. controls, with a pattern suggesting disruption of the development of white matter.
MATERIALS AND METHODS

Participants
The institutional review board approved this Health Insurance Portability and Accountability Act (HIPAA)-compliant study and written informed consent was obtained from the parents and adolescents and assent from the children. This study included 38 children with SBM and hydrocephalus (age: range ϭ 8 -17 years, mean Ϯ SD ϭ 12.30 Ϯ 2.10 years; sex: boys ϭ 22, girls ϭ 16; handedness: right ϭ 28, left ϭ 10 ) and a control group of 31 age-and sex-matched normallydeveloping children (age: range ϭ 8 -17 years, mean Ϯ SD ϭ 11.56 Ϯ 2.72 years; sex: boys ϭ 15, girls ϭ 16; handedness: right ϭ 27, left ϭ 4). All children in the group with SBM and associated hydrocephalus were primarily English-speaking, underwent myelomeningocele repair at birth and ventriculoperitoneal shunt insertion during the early neonatal period, and were medically stable at the time of the assessments. The control children were recruited from the same geographic area, were primarily English-speaking, and were identified as neurologically normal by review of medical history.
MRI Data Acquisition
We acquired whole-brain data using a Philips 3.0-T Intera system with a sensitivity encoding (SENSE) parallel imaging receive head coil (19) . The magnetic resonance imaging (MRI) protocol included: 1) three-dimensional (3D) spoiled gradient-echo, field-of-view ϭ 240 ϫ 240 mm 2 (isotropic voxel size ϭ 0.9375 mm); 2) 2D dual fast spin-echo volumes (early echo/late echo/repetition times ϭ T E1 /T E2 /T R ϭ 10/90/5000 msec) in the axial plane (3-mm slice thickness, field-of-view ϭ 240 ϫ 240 mm 2 at 44 axial contiguous sections); and 3) phasesensitive fluid attenuated inversion recovery in the sagittal and axial planes (29) with echo, repetition, and inversion times: T E /T R /TI ϭ 15/4000/400 msec, in addition to a matching diffusion-encoded data acquisition in the axial plane as described below.
The diffusion-weighted data were acquired using a single-shot spin-echo diffusion sensitized echo-planar imaging (EPI) sequence with the balanced Icosa21 encoding scheme, which uses 21 uniformly distributed diffusion encoding orientations (30, 31) , a diffusion sensitization of b-factor ϭ 1000 seconds ⅐ mm -2 , and repetition and echo times of T R ϭ 6100 msec and T E ϭ 84 msec, respectively. The slice thickness was 3 mm with 44 axial slices covering the entire brain (foramen magnum to vertex), a square field-of-view ϭ 240 ϫ 240 mm 2 , and an image matrix of 256 ϫ 256 that matched the three-dimensional spoiled gradient-echo and the 2D conventional MRI dual fast spin-echo sequences. The number of nondiffusion weighted or b Ϸ 0 magnitude image averages was eight; in addition, each encoding was repeated twice and magnitude-averaged to enhance the signal-to-noise ratio (SNR). Thus, effectively 50 images were acquired for each of the 44 axial sections to cover the entire brain. The total DTI acquisition time was approximately seven minutes and resulted in SNR-independent DTI-metric estimation (30, 31) . The entire MRI exam was kept under 30 minutes to accommodate the children.
MRI Image Analysis
The conventional MRI data on all children were qualitatively evaluated by a board certified radiologist with over 20 years of experience evaluating children with SBM. Primary clinical findings show a range of expected results that illustrate the variability of the neural phenotype in SBM. No child showed evidence of acute hydrocephalus.
DTT
After data preparation, compact white matter fiber tracking was performed using DTI Studio software (H. Jiang and S. Mori; Johns Hopkins University, Baltimore, MD, USA; http://cmrm.med.jhmi.edu) based on the fiber assignment by continuous tracking (FACT) algorithm (22) with an FA threshold of 0.15 (except for the ILF and IFOF tracts, for which it was 0.20) and an angle threshold of 60 degrees (50°for ILF and IFOF). Fiber tractography utilized the multiple ROI technique to track the association pathways of interest (22) . The association pathways (see Figs. 1, 2, and 3) were tracked with minor modifications to the methods described in the past (21, 22) and is detailed elsewhere (23) . We separated the AF into three distinct segments (frontotemporal [AFT], frontoparietal [AFP] , and temporoparietal [ATP]), as described by Catani et al (21, 32) . All the other pathways (ILF, IFOF, and UF) were quantified bilaterally as one whole connected segment (see Figs. 1, 2, and 3). The mean FA and mean diffusivity were calculated from the average values obtained from all the voxels that contained the fiber tract. The transverse and axial diffusivities were obtained to improve the interpretation specificity of DTI-derived metrics (31, 33) .
Statistical Analysis
Group differences in the diffusion metrics derived from the individual fiber tracts were evaluated using unpaired and two-tailed Student's t-tests. The effect of age on the FA and transverse and axial diffusivities measured on both the right and left hemispheres were examined using the Pearson product-moment correlations and linear regression. Group differences in age correlations were conducted using the r to z Fisher statistics (34) . All statistical analyses were conducted using the statistical toolbox in MATLAB (Version 6.1; The Math Works Inc. Natick, MA, USA).
RESULTS
Conventional MRI Findings
All the children in the SBM group except one had evidence of Chiari II malformation. The spinal lesions were located in the lumbar region of spinal cord in 24 out of 38 (63%), thoracic in eight out of 38 (21%), and sacral in six out of 38 (16%). The majority of the children had a single ventriculoperitoneal shunt mostly localized to the right lateral ventricle. None of the children had evidence of shunt failure at the time of the study. The CC showed varying degrees of dysgenesis/hypoplasia (see Fig. 3 ). The CC-rostrum was present in 18 out of 38 (47%), absent in eight out of 38 (21%), and was hypoplastic in the rest; i.e., 12 out of 38 (32%). The CC-genu was present in 14 out of 38 (27%) and hypoplastic in the rest; i.e., 24 out of 38 (63%). The CC-body (truncus) was hypoplastic in all, whereas splenium was hypoplastic in 34 out of 38 (89%). Gliosis was present in some of the SBM children, especially in the periventricular regions and in the vicinity of the shunt. None of the subjects had significant gliosis in the regions of the association pathways.
DTT Findings
All DTI data sets included in the current study were free of image and subject motion artifacts. Fiber tracking failed or was inconsistent with the known course of particular white matter pathways and or were not demonstrable at the selected threshold in some participants and they were excluded from further analyses on an individual basis. Table 1 details the number of participants included in the final analyses for individual fiber tracts and their age distribution. The group comparisons along with the descriptive and inferential statistics for the FA, transverse and axial diffusivities, and the corresponding age correlations are provided in Tables 2-4, respectively. Table 1 indicates that among the control participants, all the tracts were demonstrable by DTT on either side with comparable frequency except the right frontotemporal segment of AF (AFT), where seven control participants (23%) did not have a demonstrable right FT segment. In contrast to the controls, many participants in the group with SBM did not have demonstrable fiber tracts either on one side or bilaterally (right AFT ϭ 47%, left UF ϭ 46%, right ATP ϭ 29%, left AFT ϭ 26%, left AFP ϭ 21%, and right AFP/right ATP/right IFOF ϭ 18%). The bilateral ILF and left IFOF were visualized in almost all cases (see Table 1 , Figs. 1, 2, and 3 ).
Traceability of the Association Pathways
Group Comparison of the Diffusion Metrics
The group with SBM showed significantly lower FA bilaterally in the ILF, IFOF, and UF and on the left side in the AFT (see Fig. 4 and Table 2 ). The transverse and axial diffusivities were significantly higher in most of the white matter pathways of the group with SBM compared to the control participants (see Fig. 4 and Table 3 ).
Group Comparison of the Effect of Age on Diffusion Metrics
In general, the association pathways in the control participants showed varying increases in FA and decreases in both the transverse and axial diffusivities with age (see Fig. 5 , also see Table 4 for age correlation quantitative details). The group with SBM also showed a similar trend of increases in FA with age but to a lesser extent in most pathways. In contrast to the age-related decreases in diffusivities observed in the white matter pathways of controls, many of the white matter pathways in the group with SBM showed either an increase in diffusivities with age or no significant relations with .00 a Number of participants included/number of participants in whom the fiber tracking failed/number of participants in whom the fiber tract was not demonstrable at the given thresholds. R ϭ right, L ϭ left, AFT ϭ frontotemporal segment of arcuate fasciculus, AFP ϭ frontoparietal segment of arcuate fasciculus, ATP ϭ temporoparietal segment of arcuate fasciculus, IFOF ϭ inferior frontooccipital fasciculus, ILF ϭ inferior longitudinal fasciculus, UF ϭ uncinate fasciculus. age (Table 3) . A series of Fischer-Z tests were performed to detect significance of these observed group differences in age correlations and diffusion metrics ( Table  5 ). The effect of age on axial diffusivity in children with SBM differed significantly in the AF (bilaterally, in all the three segments, P values range from 0.046 to 0.0005), left ILF (P ϭ 0.02), right IFOF (P ϭ 0.03), and right UF (P ϭ 0.03) compared to the control participants. Age correlations of transverse diffusivity in the group with SBM differed significantly from control participants only in the left ILF (P ϭ 0.02) and IFOF (P ϭ 0.03).
DISCUSSION
The present study describes the DTT findings in a large single-center cohort of children with SBM and hydrocephalus. Our DTT results indicate that the association pathways in this population show a varying degree of microstructural (lower FA and higher diffusivity) and macrostructural abnormalities (nonvisualization) and fail to demonstrate the age-related changes in the diffusion metrics observed in age-and sex-matched typically developing children.
Reduced FA and Elevated Diffusivities
The group with SBM had significantly higher transverse and axial diffusivities and lower FA relative to controls in most of the association pathways studied. There are many unresolved contributors to diffusion tensor anisotropy in the living soft tissue, which include the intravoxel orientation of the fibers, differences in fiber packing density, degree of myelination, fiber diameter, and density of the neuroglial cells (16 -18,35-37) . The transverse diffusivity in compact white matter is typically interpreted as more specific to the changes associated with myelination (35, 36) , whereas axial diffusivity is related to the straightness of axons in the voxel (37), intrinsic axonal properties, and extraaxonal/extracellular space (35) (36) (37) . In view of these possible contributors, the higher transverse diffusivity observed in the association pathways of the group with SBM is likely representative of a myelination defect, i.e., a lower myelin thickness in these association pathways compared to controls.
Evidence for myelin sheath/axonal membrane breakdown in spina bifida patients with hydrocephalus using high field proton magnetic resonance spectroscopy of in vitro CSF was reported recently by Pal et al (15) . Our noninvasive DTI observations may offer noninvasive markers of the spina bifida neuropathology. The direct causes of demyelination are possibly multifactorial. The NTD itself, the deleterious effects of the associated hydrocephalus as well as unknown genetic abnormalities coexisting with this condition may cause impairment in the neural reparative mechanisms resulting in increased breakdown of myelin. Also possible is the fact that poorly developed pathways will be more vulnerable to early/accelerated degeneration. Identifying the cellular mechanisms of the observed axial diffusivity is more complicated and requires human postmortem or animal histochemical studies (35) (36) (37) (38) . Extracellular water is known to be higher in acute hydrocephalic brains and has been shown to alter the measured diffusivities (35) (36) (37) (38) (39) (40) . The present study cannot separate the effects of chronic hydrocephalus on the development of these association pathways from the effects of the congenital malformation (SBM) itself. Including a group of children with congenital hydrocephalus resulting from causes other than the SBM (8) as well as studying children with SBM who did not develop hydrocephalus may be helpful to clarify this issue and will be the focus of future extensions of this preliminary study.
Age-Related Changes
The control participants showed varying decreases in both the axial and transverse diffusivities of the association pathways with increased age. This observation is consistent with previous reports and is believed to be due to the reduction of extracellular space/water in the brain parenchyma along with increase in myelin thickness in the axons with age (33, 35) . However, the group with SBM did not demonstrate this pattern, implying continued disruption of development of the association pathways measured in this study. This implies that the compact white matter bundles in the group with SBM persistently fail to adequately myelinate, reflecting reduced efficiency of myelin repair mechanisms and possible deterioration in the axonal microstructure.
Losses of intraaxonal structures and axons, and faster myelin turnover, have been reported in animal models of chronic stable hydrocephalus (11) The deterioration of intraaxonal structures can lead to the increase in the axial diffusivity measured by DTT and produce more extraaxonal/extracellular space for the remaining axons, allowing them to be straighter. Both the loss of intraaxonal microstructure and configurational macroscopic changes in fiber alignment and tortuosity in the voxel can lead to the increase in axial diffusivity (37, 38) . Our findings of higher transverse diffusivity (due to reduced myelination or myelin breakdown) and axial diffusivity (axonal damage, changes in extraaxonal space/water) in the group with SBM are consistent with the reports of previous studies (11, 39) . Interestingly, the elevated transverse and axial diffusivity was associated with reduced FA in all the association pathways.
Visualization of Association Pathways
The frontotemporal segment of the right AF (AFT) was the only white matter pathway that was missing/not traceable in the control participants (7/27, 26%). This is consistent with previous DTT reports on the AF (23).
The percentage of children in the group with SBM who Figure 4 . Bar plots of the group mean and SD to illustrate the group differences in the diffusion metrics. Note that a majority of the association pathways in the SBM group showed lower FA and higher transverse ( Ќ ) and axial ( P ) diffusivities in comparison to the age and gender matched control participants. AFT ϭ frontotemporal segment of arcuate fasciculus, AFP ϭ frontoparietal segment of arcuate fasciculus, ATP ϭ temporoparietal segment of arcuate fasciculus, ILF ϭ inferior longitudinal fasciculus, IFOF ϭ inferior frontooccipital fasciculus, and UF ϭ uncinate fasciculus.
did not have a traceable AFT on the right side was higher compared to the control participants (47% vs. 26%). In a considerable number of the children with SBM the association pathways other than the right AFT simply could not be visualized/missing (Figs. 2 and 3) .
The left UF association pathway was often not visualized in the group with SBM. This may be because the UF has failed to develop in some of these children, and/or because of the depressed FA in the poorly developed pathways was well below the FA threshold (e.g., Figure 5 . Illustrative scatter plots showing the group differences in the effect of age on diffusion metrics. The group with SBM either lost the normal age related decreases in both transverse ( Ќ ) and axial ( P ) diffusivities (e.g., right ILF) or demonstrated an opposite pattern; i.e., increases in transverse and axial diffusivities with age (e.g., left ILF) compared to the control participants. The units for the diffusion tensor diffusivities ͉ and Ќ are 10 -3 mm 2 second -1 , and 10 -4 mm 2 second -1 , respectively. ILF ϭ inferior longitudinal fasciculus.
FA Ͼ 0.15) used to track these pathways. The previous DTT study by Vachha et al (20) in a small cohort of children with Chiari II malformation and myelomeningocele also found poor development of white matter pathways (limbic pathways) in a substantial number of the participants. To evaluate why these pathways are difficult to visualize will require studies of variables such as time of shunt insertion, status of the intracranial tension, and ventricular pressure measurements during the early neonatal period. Even so, DTT emerges as a method with the potential to evaluate the effect of hydrocephalus on the white matter throughout different developmental stages.
In conclusion, the present DTT study detected microstructural (1 transverse/axial diffusivities, 2 FA) and macrostructural abnormalities in the major association pathways of the children with SBM and shunted hydrocephalus. These findings support diffusion-based and DTI-based reports suggesting neuronal and axonal alterations in hydrocephalus (11) (12) (13) (14) (15) 19, 20, 39, 40) . Consistent with previous postmortem histological and animal studies, DTT noninvasively detected abnormal development of association pathways and defective myelination in children and adolescents with SBM (11) (12) (13) (14) (15) 39, 40) and hydrocephalus.
What remains to be studied is the functional significance of micro-and macrostructural abnormalities in SBM. Considerable heterogeneity exists in the nature and severity of the DTT detected abnormalities across the various white matter pathways of the same individual as well as on an interindividual level. Such findings may explain the significant variability in neurocognitive and behavioral outcomes in the children with SBM (4 -10) . Longitudinal DTT studies may be utilized to monitor the progression of white matter and possible neurodegeneration, especially if the age range is expanded to include adults with SBM into middle age as well as the response to therapeutic strategies. Future studies in a substantially larger sample of subjects, together with detailed neurocognitive and behavioral testing for correlation with DTT-derived metrics and follow-up evaluations will help clarify how white matter develops in SBM. 
